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Using 5.4 fb_1 of integrated luminosity from pp  collisions at y/s =  1.96 TeV collected by the DO 
detector at the Fermilab Tevatron Collider, we search for decays of the lightest Kaluza-Klein mode 
of the graviton in the Randall-Sundrum  model to  ee and 7 7 . We set 95% C.L. lower lim its on the 
mass of the lightest graviton between 560 and 1050 GeV for values of the coupling k /M Pl between 
0.01 and 0.1.
PACS numbers: 13.85.Rm, 11.25.Wx, 14.70.Kv, 14.80.Rt
T h e large d isp a rity  b etw een  th e  scale o f q u a n tu m  grav­
ity, i.e., th e  P lanck  scale, M pi «  1016 TeV, an d  th e  elec- 
trow eak  scale, o f th e  o rd er o f 1 TeV, is know n in  th e  
s ta n d a rd  m odel (SM ) as th e  h ie ra rch y  p roblem . In  th e  
presence of th is  h ie ra rch y  of scales it is n o t possib le to  
stab ilize  th e  H iggs boson  m ass a t  th e  low values requ ired  
by  ex p e rim en ta l d a ta , un less by  using  an  un likely  large 
am o u n t of fine-tuning.
In  th e  R a n d a ll-S u n d ru m  m odel [1], th e  ex istence of a 
fifth  d im ension  w ith  a w arp ed  space tim e m e tric  is p ro ­
posed, b o u n d ed  by  tw o th ree -d im ensional b ranes. T he 
SM fields are localized  on  one b ran e , w hile g rav ity  orig­
in a tes  on  th e  o th e r. W ith  th is  configuration , TeV  scales 
a re  n a tu ra lly  g en e ra te d  from  th e  P lan ck  scale due to  a 
geom etrical ex p o n en tia l fac to r (th e  “w arp  fac to r” ), An =  
M p ie x p (— kTvrc), if  k r c «  12, w here M pi =  M p i/a /87t is 
th e  reduced  P lan ck  scale, an d  k an d  r c a re  th e  cu rv a tu re  
scale an d  com pac tifica tion  rad iu s  of th e  e x tra  dim ension, 
respectively.
G rav ito n s a re  th e  on ly  p artic le s  th a t  p ro p a g a te  in  th e  
fifth  d im ension, an d  a p p e a r  as a K aluza-K le in  series [2] of 
m assive ex c ita tio n s (K K  g rav itons, G ) w ith  sp in  2, m ass 
sp littin g  of th e  o rd er of 1 TeV, an d  a un iversa l coupling 
to  th e  SM fields. P henom enologically , i t  is convenient
4to  express th e  tw o R a n d a ll-S u n d ru m  p a ra m e te rs  k an d  
r c in  te rm s of tw o d irec t observables: th e  m ass of th e  
lig h test ex c ita tio n , M 1 , an d  th e  d im ensionless coupling 
to  th e  SM fields, k /M p i. To add ress  th e  h ie ra rch y  p ro b ­
lem  w ith o u t th e  need  for fine-tun ing , M 1 shou ld  be in  
th e  TeV  ran g e  an d  0.01 <  k /M Pl <  0.1 [3]. K K  grav i­
to n  resonances could  be p ro d u ced  in  h igh  energy  p artic le  
collisions an d  w ould su b seq u en tly  decay  to  p a irs  o f SM 
ferm ions or bosons.
In  th is  L e tte r, we re p o rt an  inclusive search  for th e  
lig h test K K  g rav ito n  in  th e  ee an d  7 7  decay  channels 
w ith  th e  D0 d e te c to r  a t  th e  F erm ilab  T eva tron  Col­
lider, w here p ro to n s  an d  a n tip ro to n s  collide a t  a /s  =  
1.96 TeV. K K  g rav ito n s w ould be p ro d u ced  v ia q u a rk ­
an tiq u a rk  an n ih ila tio n  an d  g luon-g luon  fusion processes. 
For k /M p i <  0 .1, K K  g rav ito n s w ould a p p e a r as n a r ­
row  resonances in  th e  ee an d  7 7  in v a rian t m ass sp ec tra , 
w ith  a n a tu ra l  w id th  m uch sm aller th a n  th e  reso lu tion  
o f th e  D0 d e tec to r  an d  w ith  a b ran ch in g  frac tio n  for th e  
7 7  decay  m ode w hich is tw ice th a t  of th e  decay  to  ee. 
P rev ious D0 searches for K K  g rav ito n s have excluded  
M i <  300 G eV  for k /M Pl =  0.01 an d  M 1 <  900 G eV  
for k /M p i =  0.1 a t  th e  95% C.L . [4]. C D F  has recen tly  
excluded  M 1 <  889 G eV  for k /M Pl =  0.1 a t  th e  95%
C.L . [5].
T h e  D0 d e tec to r  [6 , 7] consists o f track in g  d e tec to rs , 
ca lo rim eters, an d  a m uon  sp ec tro m e te r. T h e  track in g  
sy stem  includes a  silicon m ic ro strip  trac k e r close to  th e  
b ea m  an d  a ce n tra l fiber track er, b o th  lo ca ted  w ith in  
a 2 T  su p e rco n d u ctin g  so lenoidal m ag n et. T h e  liqu id ­
a rgon  an d  u ra n iu m  ca lo rim eters  consist o f a  ce n tra l sec­
tio n  covering p seu d o rap id ities  |n| <  1.1 an d  tw o end  
cap  ca lo rim eters  th a t  ex ten d  th e  coverage to  |n| ~  4.2, 
w here n =  —ln [ta n (0/ 2 )], an d  0 is th e  p o la r  angle w ith  
resp ec t to  th e  p ro to n  b eam  d irec tion . T h e  az im u th a l 
angle is d en o ted  by  ^ . T h e  e lec trom agne tic  (EM ) sec­
tio n  of th e  ca lo rim eters  is segm ented  in to  four lo n g itu ­
d ina l layers (EM*, ¿=1,4) w ith  tran sv e rse  seg m en ta tio n  
o f A n  x A ^  =  0.1 x 0 .1, excep t for th e  m ore finely seg­
m en ted  E M 3 section  w here it  is 0.05 x 0.05. A preshow er 
sy stem  (C P S ) uses p la stic  sc in tilla to rs  w ith  d ifferent o ri­
en ta tio n s  lo c a te d  betw een  th e  solenoid  an d  th e  c ry o s ta t 
o f th e  ce n tra l ca lo rim e ter an d  prov ides p recise m easu re­
m en ts  o f th e  positions of EM  show ers. T h e  lum inosity  is 
m easu red  using p la stic  sc in tilla to r a rray s  p laced  in  fron t 
o f th e  en d  cap  ca lo rim eters. T h e  d a ta  sam ple  w as col­
lected  betw een  Ju ly  2002 an d  Ju n e  2009 using  triggers 
requ iring  a t  least tw o c lu ste rs o f energy  d ep o sits  in  th e  
E M  ca lo rim eter an d  co rresponds to  an  in te g ra te d  lum i­
n o sity  of 5.4 ±  0.3 fb- 1 .
W e select events w ith  tw o E M  clusters, each  w ith  t ra n s ­
verse m o m en tu m  p r  > 25 G eV  an d  \r/\ <  1.1, recon­
s tru c te d  in  a cone of rad iu s  R  =  \ J (A r/)2 +  (A 4>)2 =  0.4. 
T h e  EM  c lu ste rs  a re  req u ired  to  have a t  leas t 97% of 
th e ir  energy  d ep o sited  in  th e  E M  ca lo rim e ter an d  to  
have th e  ca lo rim e ter iso la tion  variab le  I  =  [Eto t(0.4) —
E em  (0 .2) ] /E e m (0 .2) <  0.07, w here E to t(R ) [Ee m (R)] is 
th e  to ta l  [EM] energy  in  a  cone of rad iu s  R .
G iven th e  d ifferent b ran ch in g  fractions for th e  7 7  an d  
ee decays of th e  K K  g rav iton , p lus th e  fact th a t  th e  tw o 
channels have d ifferent backgrounds, th e  analysis tr e a ts  
th e  tw o channels se p a ra te ly  to  op tim ize  th e  sensitiv ity . 
If  b o th  E M  cluste rs  in  an  event are sp a tia lly  m a tch e d  to  
trac k er activ ity , e ith e r a rec o n s tru c te d  tra c k  or a den ­
sity  o f h its  in  th e  silicon m ic ro strip  trac k e r an d  cen tra l 
fiber trac k er consis ten t w ith  th a t  o f an  e lectron , th e  event 
goes in  th e  ee category . O therw ise , th e  event is p u t in  
th e  7 7  category , w hich co n ta in s  events w ith  a t  leas t one 
EM  clu ste r failing to  m a tch  trac k e r activ ity . W ith  th is  
defin ition , a b o u t 97% of th e  se lected  G  ^  ee events are  
p u t in  th e  ee ca teg o ry  an d  a b o u t 90% of th e  se lected  
G  ^  7 7  events a re  p u t in  th e  7 7  category .
In  th e  ee category , th e  tw o elec trons are  n o t requ ired  
to  have opposite  charges to  avoid th e  loss due to  charge 
m isiden tifica tion , an d  tw o ad d itio n a l req u irem en ts  are  
p laced  on each  E M  cluster: (i) th e  sca la r su m  of th e  
p T of all trac k s  o rig in a tin g  from  th e  p r im a ry  v ertex  (PV , 
see below) in  an  ann u lu s  of 0.05 <  R  <  0.4 a ro u n d  the  
c luste r, I trk , be less th a n  2.5 GeV; (ii) th e  c lu ste r be con­
s is ten t w ith  th e  e lec tron  show er sh ap e  using  a x 2 te s t an d  
a n eu ra l netw ork  d isc rim in an t [8]. In  th e  7 7  category , ad ­
d itio n a l req u irem en ts  are p laced  on  each  EM  cluster: (i) 
I trk <  2.0 GeV; (ii) th e  energy-w eighted  show er w id th  
in  th e  r  — ^  p lane in  E M 3 be less th a n  3.7 cm; (iii) th e  
c lu ste r be consis ten t w ith  th e  p h o to n  show er sh ap e  using 
a n eu ra l netw ork  d isc rim inan t.
P ro p e r  rec o n stru c tio n  of th e  event k inem atics  requires 
co rrec t iden tifica tion  of th e  P V  of th e  h a rd  collision. For 
events in  th e  ee category , th e  P V  is chosen from  th e  lis t 
of v ertex  ca n d id a tes  as th e  one w ith  th e  leas t p ro b ab ility  
of being  a v ertex  from  a soft pp  in te rac tio n  as e s tim a ted  
from  th e  p T of a sso c ia ted  track s. F or th e  7 7  category , we 
use th e  E M -C P S  p o in tin g  capab ility , w hich rec o n stru c ts  
th e  axes of E M  show ers by  fittin g  s tra ig h t lines to  show er 
positions m easu red  in  th e  four lo n g itu d in a l ca lo rim eter 
layers an d  th e  C P S . T h e  E M -C P S  p o in tin g  sp a tia l reso­
lu tio n  is 3.7 ±  0.2 cm  along  th e  b ea m  axis. If  a t  leas t one 
p h o to n  c a n d id a te  is m a tch e d  to  a C P S  c lu ste r [9], th e  
vertex  co n sis ten t w ith  th e  E M -C P S  p o in tin g  p o sitio n  is 
chosen as th e  P V . F or events w ith  no p h o to n  can d id a te  
hav ing  a C P S  m a tch  or events w ith  inconsis ten t E M -C P S  
p o in tin g  positions of th e  tw o p h o to n  ca n d id a tes , th e  P V  
is chosen as th e  one w ith  th e  h ighest nu m b er of associ­
a te d  tracks. T h e  P V  is req u ired  to  lie w ith in  60 cm  of th e  
geom etrical cen te r of th e  d e te c to r  along  th e  b ea m  axis. 
T h e  d a ta  include a to ta l  o f 203586 events (186596 in  th e  
ee ca teg o ry  an d  16990 in  th e  7 7  ca tego ry ) th a t  sa tisfy  
these  selection  c r ite r ia  an d  w ith  th e  in v a rian t m ass of 
th e  tw o EM  clu ste rs M ee/ 77 >  60 GeV.
All M onte C arlo  sam ples used  in  th is  ana lysis  were 
g en e ra te d  using  PYTHIA [10] w ith  C T E Q 6L 1 [11] p a r to n  
d is trib u tio n  functions, an d  p rocessed  th ro u g h  a GEANT-
5based  [12] s im u la tion  of th e  D0 d e tec to r  an d  th e  sam e 
rec o n stru c tio n  softw are as th e  d a ta . K K  g rav ito n  sig­
nals in  th e  ee an d  7 7  decay  channels a re  s im u la ted  over 
th e  range  of p a ra m e te rs  220 <  M 1 <  1050 G eV  an d  
0.01 <  k /M p i <  0 .1. T h e  accu racy  of th e  P V  asso­
c ia tio n  has  been  s tu d ied  in  K K  g rav ito n  events, w here 
th e  P V  rec o n stru c tio n  efficiency is «  98%, w ith  «  96% 
( «  93%) p ro b ab ility  to  m a tch  th e  tru e  v ertex  in  th e  
ee (7 7 ) channel. T h e  s im u la ted  an d  observed  in v arian t 
m ass sp e c tra  a re  co m p ared  in  ee an d  7 7  ca tegories sep­
ara te ly . T h e  d o m in a n t irreducib le  back g ro u n d  in  th e  ee 
final s ta te  is due to  th e  D rell-Y an (DY) process, w here 
an  ee m ass-d ep en d en t k fac to r [13] is app lied  to  co rrec t 
th e  P Y T H IA  sp e c tru m  for n ex t-to -n ex t-to -lead in g  o rder 
effects. T h e  d o m in a n t irreducib le  back g ro u n d  in  th e  7 7  
final s ta te  is SM 7 7  p ro d u c tio n , w here P Y T H IA  7 7  events 
a re  rew eighted  to  rep ro d u ce  th e  7 7  in v arian t m ass spec­
tru m  p red ic ted  by  th e  n ex t-to -lead in g -o rd er ca lcu la tion  
of D IP H O X  [14]. D0 has m easu red  th e  SM 7 7  differen­
tia l cross section  w ith  resp ec t to  th e  7 7  in v a rian t m ass, 
an d  in  th e  ran g e  used  for th is  analysis (above 60 GeV) 
th e  sh ap e  of th is  d is tr ib u tio n  from  D IP H O X  agrees w ith  
th e  d a ta  [15]. T h e  lead ing  sy s tem a tic  u n c e r ta in ty  on th is  
b ac k g ro u n d ’s sh ap e  arises from  th e  choices in  th e  scales 
used  in  th e  D IP H O X  ca lcu la tion , an d  is a t  th e  level of 
10%. T h e  m ain  in s tru m e n ta l back g ro u n d  com es from  
th e  m is iden tifica tion  of one or tw o je ts  as e lec trons or 
p ho to n s. T h e  sh ap e  of th e  in v arian t m ass sp e c tru m  of 
th is  source of events is e s tim a te d  from  d a ta  by  selecting 
events w ith  EM  c lu ste rs  th a t  are  n o t co n sis ten t w ith  elec­
tro n  or p h o to n  show ers using  th e  x 2 te s t (ee ca tegory ) 
o r th e  n eu ra l netw ork  d isc rim in an t (7 7  ca teg o ry ). O th e r  
SM backgrounds, due to  DY  t t , W  +  7 , W W , Z Z , W Z , 
W  + je ts ,  an d  t t  p ro d u c tio n , a re  sm all an d  are e s tim a ted  
using  P Y T H IA  M onte C arlo  events co rrec ted  to  accoun t 
for h igher o rd er effects [16-1 8 ].
H aving  o b ta in ed  th e  shapes of th e  in v a rian t m ass spec­
t r a  o f th e  various back g ro u n d  sources, th e  b ackg round  
n o rm aliza tio n  is d e te rm in ed  by  fittin g  th e  in v a rian t m ass 
sp e c tru m  of th e  d a ta  to  a su p e rp o sitio n  of th e  back­
g rounds in  a  low -m ass con tro l region (60 <  M ee/ 77 <  
200 G eV ), w here K K  g rav itons have been  excluded  a t  th e  
95% C.L. by  prev ious searches. In  th e  fit, th e  to ta l  num ­
b e r of b ack g ro u n d  events is fixed to  th e  nu m b er of events 
observed  in  th e  d a ta , an d  th e  co n trib u tio n s  from  SM 7 7 , 
DY ee, an d  in s tru m e n ta l back g ro u n d  are  free p a ra m e­
te rs , w hile th e  o th e r  SM b ackgrounds are no rm alized  to  
th e ir  th e o re tic a l cross sections. T h e  fit is perfo rm ed  for 
th e  ee an d  7 7  ca tegories separate ly . B y  vary ing  th e  c rite ­
r ia  to  select th e  in s tru m e n ta l back g ro u n d  sam ple  an d  th e  
f ittin g  range , th e  u n c e r ta in ty  of th e  back g ro u n d  n o rm al­
iza tio n  p ro ced u re  is e s tim a ted  a t  th e  level o f 2% (10%) 
in  th e  ee (7 7 ) category .
F igu re  1 shows th e  m easu red  ee an d  7 7  in v arian t 
m ass sp e c tra  from  th e  d a ta , superim posed  on th e  ex­
p ec te d  backgrounds. T h e  d a ta  an d  p red ic ted  b ackg round
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FIG. 1: Invariant mass spectrum  from (a) ee and (b) 77 
d a ta  (points). Superimposed are the fitted to ta l background 
shape from SM processes including instrum ental background 
(open histogram) and the fitted contribution from events with 
misidentified clusters alone (shaded histogram). The open 
histogram  w ith dashed line shows the signals expected from 
KK gravitons w ith M 1 =  300, 450, 600 GeV (from left to 
right) and k /M p i =  0.02 on top of the to ta l background. In ­
variant masses below 200 GeV are taken as the control region.
are generally  in  good  ag reem ent. In  th e  region a ro u n d  
450 G eV  th e re  is an  excess o f events in  th e  7 7  invari­
a n t m ass sp ec tru m . As e s tim a ted  w ith  p seudoexper­
im ents, th e  p ro b ab ility  th a t  th is  excess is exclusively 
due to  b ac k g ro u n d s’ f lu c tu a tio n s is 0 .011 , im ply ing  th a t  
th e  b ackg round-on ly  hypo thesis  is d isfavored  a t  th e  2.30 
s ta n d a rd  dev ia tions (s.d .) level. If  we assum e th a t  th is  
excess is due to  a K K  g rav iton , inc lud ing  th e  ee channel 
reduces th e  significance to  2.16 s.d..
In  th e  absence of an y  sign ifican t signal for a  heavy  
n arro w  resonance, we co m p u te  u p p e r lim its  for th e  p ro ­
d u c tio n  cross section  of K K  g rav ito n s tim es th e  b ran c h ­
ing frac tion  in to  th e  ee final s ta te  using  a P oisson  log- 
likelihood ra tio  (LLR) te s t [19]. In v a rian t m ass d is tr i­
b u tio n s  a re  u tilized  in  th e  lim it ca lcu la tion . T h e  ee an d  
7 7  ca tegories a re  t r e a te d  as tw o in d ep en d en t channels,
6an d  th e n  th e  tw o se p a ra te  L L R s are  ad d ed  to  o b ta in  a 
com bined  exclusion lim it assum ing  th e  1:2 ra tio  o f th e  
b ran ch in g  fractions.
S ystem atic  u n ce rta in tie s  on  th e  b a c k g ro u n d s’ p red ic­
tions an d  on  th e  signal efficiency are considered  to  cal­
cu la te  lim its. T hese include th e  in te g ra te d  lum inosity  
(6.1% ), p a r to n  d is tr ib u tio n  functions (0.7% - 6 .6% for 
th e  accep tance  an d  9.2%  - 16.9% for th e  g rav ito n  p ro ­
d u c tio n  cross section ), e lec tro n  an d  p h o to n  iden tifica tion  
efficiency (3.0%  p e r o b jec t) , EM  clu ste r energy  reso lu tion  
(6%), an d  trig g e r efficiency (0.1% ). T h e  u n c e r ta in ty  on 
th e  accep tance  due to  in itia l s ta te  ra d ia tio n  (ISR) is es ti­
m a te d  to  be 4% by  vary ing  th e  p a ra m e te rs  governing ISR  
in PYTHIA. U n ce rta in ties  affecting th e  ex p ected  back­
g rounds arise from  e lec tro n  an d  p h o to n  iden tifica tion  ef­
ficiency (3.0%  p er o b jec t) , m ass dependence of th e  DY 
ee n ex t-to -n ex t-to -lead in g  o rd er k fac to r (5.0% ), sh ap e  
o f th e  SM y y  in v a rian t m ass sp ec tru m , an d  b ackg round  
n o rm aliza tio n . F or th e  E M  energy  reso lu tion , th e  SM 
YY in v arian t m ass sp e c tru m  an d  th e  back g ro u n d  n o rm al­
iza tio n  we consider b o th  th e  effects on  th e  n o rm aliza­
tio n  an d  on th e  shape  of th e  in v a rian t m ass d is tr ib u tio n  
used  in  ex tra c tin g  lim its. F or all o th e r  sy s tem a tic  sources 
we consider on ly  changes to  th e  overall back g ro u n d  n o r­
m aliza tio n  or signal d e tec tio n  efficiency. S y stem atic  u n ­
ce rta in ties  are in c o rp o ra ted  v ia convolu tion  of th e  P ois­
son  p ro b ab ility  d is tr ib u tio n s  for signal an d  b ackg round  
w ith  G au ss ian  d is trib u tio n s  co rrespond ing  to  th e  differ­
e n t sources of sy s tem a tic  un certa in ty . C o rre la tio n s in  th e  
sy stem a tic  u n ce rta in tie s  betw een  signal an d  b ackg round  
in  ee an d  YY ca tegories are ta k en  in to  account.
T h e  resu ltin g  lim its  on  th e  p ro d u c tio n  cross section  
tim es b ran ch in g  frac tio n  in to  e lec tro n -p o sitro n  p a irs  of 
th e  ligh test K K  g rav iton , a (p p  ^  G  +  X ) x B (G  ^  ee), 
a re  given in  T able I an d  d isp layed  in  F ig . 2. As show n 
in F ig. 3, using  th e  cross section  p red ic tio n s from  th e  
R a n d a ll-S u n d ru m  m odel w ith  a k fac to r of 1.54 [20], we 
can  express these  resu lts  as u p p e r  lim its  on th e  coupling 
k /M Pl as a function  of M i.
In  sum m ary , using  5.4 fb -1  of in te g ra te d  lum inosity  
co llected  w ith  th e  D0 d e tec to r  a t  th e  F erm ilab  Teva- 
tro n  C ollider, we have searched  for a heavy  narro w  res­
onance in  th e  ee an d  YY in v arian t m ass sp e c tra . T he 
observed  sp e c tra  agree w ith  p red ic tions from  SM back­
g ro u n d  processes. For th e  R a n d a ll-S u n d ru m  m odel w ith  
a w arp ed  e x tra  d im ension , we se t 95% C.L. u p p e r lim its 
on  <r(_pp ^  G  +  X ) x B (G  ^  ee) o f th e  lig h test K aluza- 
K lein  m ode of th e  g rav ito n  betw een  6.7 fb an d  0.43 fb 
for m asses betw een  220 an d  1050 G eV  a t  th e  95% C.L., 
w hich tra n s la te  in to  lower lim its  on th e  m ass M 1 of the  
lig h test K aluza-K lein  e x c ita tio n  of th e  g rav ito n  betw een  
560 an d  1050 G eV  for couplings of th e  g rav ito n  to  th e  
SM fields 0.01 <  k /M Pl <  0.1. T hese resu lts  rep resen t 
th e  m ost sensitive lim its  to  da te .
W e th a n k  th e  staffs a t  F erm ilab  an d  co llab o ra tin g  
in s titu tio n s , an d  acknow ledge su p p o rt from  th e  D O E
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FIG. 2: 95% C.L. upper lim it on a(pp ^  G +  X ) x B (G  ^  
ee) from 5.4 ftU 1 of integrated luminosity compared w ith the 
expected limit and the theoretical predictions for different 
couplings k /M pi.
TABLE I: 95% C.L. upper limit on <r(pp ^  G +  X ) x B (G  ^  
ee) and coupling k /M Pl from 5.4 fb-1 of integrated luminos­
ity.
Graviton Mass 
GeV
a  x B (G  
Expected
—s- ee) (fb) 
Observed
Coupling k/M p i 
Expected Observed
220 10.62 6.71 0.0034 0.0027
250 7.18 5.23 0.0038 0.0033
270 5.91 5.69 0.0042 0.0041
300 4.00 5.37 0.0044 0.0050
350 2.67 3.30 0.0051 0.0056
400 2.12 1.52 0.0062 0.0053
450 1.40 3.03 0.0068 0.0099
500 1.15 1.31 0.0081 0.0087
550 0.89 0.90 0.0093 0.0094
600 0.75 0.84 0.0111 0.0117
650 0.65 0.68 0.0133 0.0136
700 0.56 0.48 0.0160 0.0147
750 0.53 0.52 0.0199 0.0197
800 0.48 0.48 0.0248 0.0247
850 0.46 0.44 0.0316 0.0312
900 0.44 0.43 0.0406 0.0403
950 0.44 0.43 0.0545 0.0539
1000 0.43 0.43 0.0713 0.0713
1050 0.43 0.43 0.0969 0.0964
an d  N SF (USA); C E A  an d  C N R S /IN 2 P 3  (France); 
FASI, R o sa to m  an d  R F B R  (R ussia); C N P q, F A P E R J, 
F A P E S P  an d  F U N D U N E S P  (B razil); D A E an d  D ST  (In­
d ia); C olciencias (C olom bia); C O N A C yT  (M exico); K R F  
an d  K O S E F  (K orea); C O N IC E T  an d  U B A C yT  (A r­
gen tina); F O M  (T he  N eth erlan d s); S T F C  an d  th e  Royal 
S ociety  (U n ited  K ingdom ); M SM T  an d  G A C R  (Czech 
R epublic); C R C  P ro g ra m  an d  N SE R C  (C an ad a); B M B F  
an d  D F G  (G erm any); SFI (Ire land); T h e  Swedish R e­
search  C ouncil (Sw eden); an d  CA S an d  C N S F  (C hina).
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FIG. 3: 95% C.L. upper lim it on k /M P\ versus the graviton 
mass M i from 5.4 fb-1 of integrated luminosity compared 
w ith the expected limit and the previously published exclu­
sion contour [4].
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